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Abstract 
An important role of tires is to help automobile drivers to obviate serious traffic accidents, particularly in the snowy season. In 
practice, the types of tires are monitored by visual inspection with human eyes. This report is concerned with the reliable 
detection of tire types using the vibration signals of road surface on passing vehicles. The vibration signals vary momentarily 
depending on several mechanisms, such as vibration impact, tire tread patterns, and so on. Then, it may be possible to 
passively and easily discriminate the types of tires; i.e., the least signal differences between winter and summer tires. To 
detect tire vibration signals from vehicles running at 30, 40, 50 and 60 km/h on average only when road surfaces were dry or 
wet, we used a commercially available accelerometer as a sensor, which enabled us to easily reduce cost and size in realizing 
a practical system for detecting tire types. To classify tires into two categories of winter and summer ones, we herein propose 
several effective signals, featuring a simple detection method based on the principal component analysis. From the 
experimental results, obtained in snowy areas, it has been demonstrated that such signal features are believed to be a potential 
tool for a reliable detection of the tire types by using only the vibration signals from passing vehicles. 
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Selection and/or peer-review under responsibility of Faculty of Science and Technology, Kasem Bundit University, Bangkok. 
Keywords: Tires, Road surface, Vibration signals, Frequency analysis, Intelligent transport systems 
* Corresponding author.  E-mail address: wuttiwat.k@rmutk.ac.th 
Available online at www.sciencedirect.com
  The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
l ti n and/or peer-review under r sponsibility of Department of Planning and Development, Kasem Bundit University - Bangkok
259 Wuttiwat Kongrattanaprasert et al. /  Procedia - Social and Behavioral Sciences  88 ( 2013 )  258 – 264 
1. Introduction
It is a substantial challenge to remotely obtain information about types of tire with sufficient prediction 
accuracy by an automatic classification system. In particular, in snowy season, prior information about the types
of tire such as a winter tire, helps road users to obviate serious traffic accidents and also helps road administrators
to prevent many slip traffic accidents by such vehicles especially from the expressways. To extract characteristics
from the recorded tire sounds with a tire-testing bench, Kent et al. presented a method using the wavelet
transform [1]. They presented that it is possible to discriminate winter and summer tire visually from distributions 
of the power spectrum densities of tire noise data at 30 km/h with regard to lower frequency range (0-4 kHz).
However, this study has been reported so far to classify winter and summer tires automatically by means of tire
noise emitted from the tires of passing vehicles. An important reason is tire noise depended on changeable road 
surface states, road users, location and other relevant parties, in real traffic conditions. In previous report [2-3],
and from our research on the detection of road surface states using only tire noises emitted from passing vehicles,
we presented that the tendencies of change in frequency range between 0.6 to 2.5 kHz depending on the road
surface states; i.e., dry, wet, and snowy state. Obviously, according to the mechanisms of tire noise generation,
the tire noise is generated by the air being sucked-in or forced out of the rubber blocks of tire [4]. It is dominant 
in the frequency range of 1 to 3 kHz. In addition, the frequency spectrum (below 0.3 kHz) is obtained from the
results of complex vibrations between the tire treads and the pavement texture, mechanisms of engine noise
generation and wind noise in the vicinity of the microphone. From these reasons, it seems difficult to discriminate
winter and summer tire using tire noise data. But it may be possible to easily detect the types of tire using road 
surface vibration from running vehicles.
In this report, we record tire vibration signals from running vehicles when road surfaces were dry or wet using
a commercially available accelerometer as a sensor, which enabled us to easily reduce cost and size in realizing a
practical system for detecting tire types. To classify tires into two categories of winter and summer ones, we
extracted several effective signal features for the passive and simple classification based on the short-time Fourier 
transform and principal component analysis (PCA). The effectiveness of the proposed features is verified by
signal data samples obtained at Tokai-Hokuriku, Gifu-Kagamigahara IC. 
2. Experimental Conditions
The signals from road surface vibration caused by passing vehicles were recorded at Gifu-Kagamigahara IC.
The road is a fine graded asphalt pavement as shown in Fig. 1. The hardware system of measurement is shown in 
Fig. 2. An accelerometer (Brüel & Kjæris 4500A) is used as a sensor for detecting the vibration signals of road 
surface on vehicles that are passing such as vibration impact, the tire tread patterns, and so on.
Fig. 1. Fine graded asphalt pavement
at Kagamigahara IC.
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Fig. 2. Experiment setup for detecting the
vibration signals of road surface caused by 
passing vehicles.
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Fig. 3. Peak frequencies for all waveforms in the power spectra of their vibration signal when road surfaces were dry (a) and wet (b) 
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It was embedded in the road surface at a depth of 2 cm. from the road surface level and a distance of 30 cm on 
average from tire of passing vehicles.  The sensor is a piezoelectric cubic charge accelerometer, the frequency 
response at 3 Hz to 16.6 kHz and sensitivity of 3 mV/g. The signal data from vehicle-excited surface vibrations 
was recorded with a PCM recorder, which was set on the side walk. Vehicles passed by at 30, 40, 50 and 60 km/h 
on average. The recorder digitally sampled noise signals at a frequency of 44.10 kHz with 16 bit quantization.  
To investigate the least signal differences, we used two tires of the same brand and size for winter and summer 
tires as shown in Table 1.  The structures of winter tire and tread pattern are designed to bite snow and keep grip 
on severe winter road. In addition, we used two hybrid cars to reduce power unit noise such as engine noise and 
drive train noise. The winter tires are mounted on one car. And the summer tires are mounted on the other car. 
Table 1. Vehicles and tire types used for experiment 
Vehicle Toyota Prius 
Type Winter tire 
 
 
 
 
 
Summer tire 
Maker GOOD YEAR (ICE NAVI ZEA) GOOD YEAR (GT3) 
Size 185/65R15 
Structure Block structure (56 blocks) Rib structure 
Rubber Soft Hard 
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3. Classification Methods 
3.1 Peak Frequencies 
In General, a tire vibration signal is a type of stochastic signal and can be considered to be a stationary signal 
or quasi-stationary process if the running conditions of a vehicle do not often change. Vibration signals of winter 
and summer tire when the road state was dry and wet were extracted manually. The individual waveforms that 
last for 1.5 s are prepared form time history records observed over about one hour using a free sound engine 
program. Vibration signals recorded are fed to a high-pass filter with a cut off frequency of 100 Hz to remove 
unnecessary signals such as complex vibrations caused by a collision between tread blocks and the road, the 
sidewall acts as a spring, while the tread band acts as a mass [5]. Then, FFT is applied to obtain a power spectrum 
for the vibration signal from each waveform. We then first focus our attention on the frequency at which each 
vibration signal attains a peak in its power spectrum. All spectra are obtained by performing FFT on the 
individual waveforms. Fig. 3 shows the peak frequencies of about 140 waveforms that were obtained at Gifu-
Kagamigahara IC.  
Two different types of the winter and summer tires are the targets of classification. Obviously, the frequency 
varies from waveform to waveform, probably because vehicle speeds and road surface states were changed, and 
it appears difficult to obtain information on the types of tires from randomly scattered frequencies. As can be 
seen in Fig. 3(a), the peak frequencies are within the range of 230 to 515 Hz for the winter tire and are slightly 
higher than those for the summer tire when the road surface was dry. The magnitudes for the wet state are 
scattered extremely with increasing vehicle speed as shown in Fig. 3(b).  Apparently, in all road surfaces, the 
peak frequencies for the winter tire remain within the range of 220 to 505 Hz and show less scattering results 
than the data for the summer tire which is more obviously scattered in the high speed range from 40 to 60 km/h, 
because theirs structures of tread patterns or rubber blocks as shown in Table 1. However, our important aim in 
increasing capabilities, accuracy and reliability for detection of two different types is attempt to apply techniques 
to extract the effective signal features, base on only tire vibration signals from passing vehicles.   
3.2 Proposed Methods 
 To extract more accurate feature sets from vibration signals which play an important role on detection of 
winter and summer tires, a simple detection method based on PCA are proposed in the this section. A set of 10 
recorded vibration signals of winter tire when the road was dry and vehicle speed at 30 km/h is collected as a 
training set for our analysis based PCA. To obtain N short-time series {X1, X2 N}, using the window with 
continuously overlapping of 220 samples, each vibration signal for 1.5 s is segmented  into multiple frames of 
1760 samples, where N = 43 frames, xn,i, ( ) as shown in Fig. 4. The Hamming 
window is added to each sample as a filter to depre
the each processed frame of signal data into a set of spectrum features in the frequency domain )( 'fX n . These 
results are in an 880-dimensional FFT-based spectrum feature at frequency resolution of 25 Hz with information 
for frequencies up to 22050 Hz. Since, the amplitudes of vibration signal are difficult to control in real traffic 
conditions. The spectrum features need to be normalized before any further processing.                                                   
In this report, we introduce the following function for normalizing 10 bands of 50 Hz from 100 Hz to 600 Hz 
that can be defined as 
 
                                                                                                                                                                                         
                                            
                                              ,   550,...,150,100f                                                                                (1) 
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knw ,
where fl = 100 Hz is the low-cut frequency. In generation and propagation of vibration noise [4], the vibration 
component is the result of a complex interaction between the tire treads and the pavement texture. Its spectrum 
frequency range is most dominant between 100-600 Hz [6]. Hence, the upper limit of integration with respect to 
frequency is determined to be fh = 600 Hz. To produce good classification results, we then adjust the normalized 
spectrum distribution as suggested by Wu et al. [7]. 
The covariance matrix C of a training set is readily computed by starting from the mean of given training set 
of the adjusted spectrum samples. The eigenspace model is also calculated by solving the eigenvalue 
decomposition of C. The data is concentrated in a linear subspace and this provides a way to represent data 
without losing information and simplifying the consideration on the overall shape of vibration signal spectrum 
distribution in the frequency domain. All eigenvectors },...,,{, 21 M , (M = 10) correspond to eigenvalues 
}...{, 21 M of C. 
4. Classification for individual waveforms 
To compute the residual vector magnitude for detecting the types of tire using PCA procedure, the vibration 
signal of about 130 waveforms that obtained at Gifu-Kagamigahara IC is projected onto the above processes as a 
test set to obtain the corresponding set of the adjusted spectrum vectors n , (n , and then comparing 
with the set of  and v in the training set. 
First, n  projected onto M orthonormal eigenvectors in the eigenspace and find out the difference weight 
vectors,        . Consequently, the residual vector magnitude d can be calculated by 
 
                                                                                                                         (2) 
 
      nd                                                                                                                                                 (3) 
 
Figure 5(a) shows the norm d of the vibration signals of winter tire in training and test set that were obtained 
at Gifu-Kagamigahara IC when vehicles running at 30, 40, 50 and 60 km/h on average and road surfaces were 
dry or wet. Obviously, the residual vector magnitudes are within the range of 3144 to 3894 for the summer tire 
and take almost the same magnitudes as those for winter tire. This situation makes it difficult to classify 
successfully the two different types. To improve the identification of d into discrimination of winter and summer 
tires, we calculated the mean of d of training set based on arithmetic averaging to use as a reference value for 
separating  two different categories. It is 2904.5, as shown in Fig. 5(a). Fortunately, by normalizing the spectrum 
features, we found that the sum total of spectrum features of individual waveforms or denominator in equation 
(1) has different results. Hereafter, we refer as        . The magnitudes for winter tire are higher than those for the 
summer tire over the frequency range from 100 Hz to 600 Hz. This means that the winter tire predominates at this 
frequency range in comparison with the summer tire. 
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Fig. 4. Segmenting samples of vibration signal into frames 
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Fig. 5. Residual vectors d (a) and D (b) of their vibration signal caused by passing vehicles 
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Let D be a new vector, we can use the category label to adjust d of each signal data that can be defined as 
follows: 
 
                                                                                                                   , j                     (4)          
 
 
Figure 5(b) shows residual vector D. Overall, the sample data are scattered with increasing vehicle speed. The 
residual vector magnitudes are more obviously scattered in the high speed range at 50, 60 km/h for both the types 
of tires. Interestingly, the tendencies of change in magnitude depending on the types of tires may be independent 
of the road surface states. However, classification does not seem to be difficult because a definite difference 
appears. At any rate, the residual vector takes a magnitude of 3359 on average for the winter tire. Likewise, for 
the summer tire, it takes 2383.6. We then propose a threshold magnitude of classification using arithmetic 
averaging as follows:  the magnitude is (2383.6 + 3359)/2 = 2871.3 between the winter and summer tire. 
5. Conclusions 
We presented a simple detection method based on the principal component analysis for classifying tires into 
two categories of winter and summer ones using only the road surface vibration caused by passing vehicles. An 
adjusted residual vector in the eigenspace D was proposed. From experimental results obtained in snowy areas, 
the classification ability of the two different types reveal that the new feature could be classified with a high 
classification accuracy rate of 100%. This result leads us to believe that the feature offers a great potential for 
reliable detection of the tire types by only the vibration signals from passing vehicles. However, it is of interest to 
extend the present method to the daily observation of the types of tires that may change with time and weather. 
Further studies concerning such problems are under way. 
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